A new modified semi-empirical formula including non-elastic scattering and Coulomb effects for the (α,n) reaction cross-section was obtained. The available experimental data were used to get the (α,n) reaction cross-section systematics. The dependence between the cross-section and asymmetry term was discussed for (α,n) reaction at 18.5 ± 3 MeV energies classifying the target nuclei into odd Z-even N and even Z-even N . The coefficients of determination (R 2 ) for all classifications were detected to exhibit the amount of relation between asymmetry term and cross-sections obtained from the modified semi-empirical formula with new coefficients.
Introduction
When experimental data are limited or to determine unmeasured data, generally, the systematics of nuclear reaction cross-sections is needed. Therefore, knowing the systematics of reaction cross-sections is of great importance.
A great number of empirical and semi-empirical crosssection formulae have been proposed for different target nuclei irradiated with uncharged neutron and charged particle at the specific energies [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] ; however, there is not any study on cross-section systematics of alphainduced reactions. As a result of alpha-induced reactions, in particular the production of significant medical radioisotopes used in nuclear medicine occurs [13] [14] [15] .
The aim of this study is to develop a semi-empirical formula for odd Z-even N and even Z-even N target nuclei of the (α,n) reaction cross-sections at 18.5±3 MeV alpha energies. The target mass regions which are investigated in this paper are between 41 ≤ A ≤ 209. The formulae are based on non-elastic effects of optical model and the binding energy systematics of the nuclear shell model, with dependence on the pairing and Coulomb effects. The expressions in the shell model were adapted to the mechanism of nuclear reactions.
Basic systematics and the models used in the existing formulae
There are many studies on systematics of the crosssection in the literature. Several empirical and semiempirical cross-section formulae have been proposed by the authors for both neutron and also charged particle induced reactions. First, Levkovskii showed that (n,p) cross-sections of many isotopes of one element decrease regularly with increasing A for 14 MeV neutrons. * corresponding author; e-mail: sblakca@gmail.com
The cross-section is expressed with an exponential function depending on Z and A of the target in experimental approach. The character of variation of empirical (n,p) cross-sections at 14 MeV was presented as
This formula can be considered as a reflection of a general theory relating the probability of emission of a proton from the struck nucleus with a proton "concentration" Z/A. When analyzed the experimental data by Levkovskii, the cross-sections were described as
where σ c (n) is the geometrical cross-section of the nucleus, and given as πr 
(n,p) cross-section formula at 14 MeV proposed by Levkovskii reveals the exponential dependence of crosssection on asymmetry term (s = N − Z/A). Most authors have provided theoretical support to Levkovskii's experimental formula for (n,x) reactions. Pai et al. added an effective Q-value into the statistical model calculation for (n,p) reactions at 14 MeV [2] . Belgaid and Asghar derived a semi-empirical (n,α) cross-section formula at 14.5 MeV based on the evaporation model. In the formula, droplet model of Myers and Swiatecki [16] was used for Q(n,α) calculations [4] . Habbani and Osman proposed systematics for (n,p), (n,α), and (n,np) reaction cross-section for 14.5 MeV neutrons and the obtained formula was based on the statistical model with the Q-value and odd-even effect [6] . Tel et al. obtained a new empirical (n,p) cross-section formula tak-B-129 ing shell model and pairing effect into consideration by modifying Levkovskii's empirical formula [7] . Broeders and Konobeyev proposed semi-empirical formula of (n,p) reaction cross-section at 14.5, 20, 30 MeV neutron energies. The formula takes into account the contribution of both non-equilibrium proton emission and also equilibrium proton emission [8] .
The studies on systematics of (p,x) reaction crosssections were carried out by some authors. For example, Broeders and Konobeyev obtained semi-empirical systematics of (p,α) (p,nα), and (p,np) reaction crosssections at various incident proton energies from 17.9 to 28.5 MeV and (p,n) reaction cross-section at incident proton energies 7.5, 12.4, 24.8 MeV. The systematics were based on analytical formulae derived using the preequilibrium exciton model, evaporation model and semiempirical mass formula [9, 10] . Then, Tel et al. suggested semi-empirical formula that includes non-elastic effects of optical model for (p,α) at 17.9 MeV and (p,np) at 22.3 MeV. Besides, they investigated Coulomb and pairing effects for (p,α) at 17.9 MeV, (p,np) at 22.3 MeV, (p,nα) at 24.8 and 28.5 MeV and presented a new formula. That novel formula was derived by taking advantage of Levkovskii's original formula with asymmetry term [11, 12] .
Up to now in the literature, there has not been any systematic study on reaction cross-section of the alpha induced reactions. The (α,n) reaction cross-section formulae proposed in the present work are based on nonelastic effect of optical model and Coulomb effect in the binding energy of the nuclear shell model.
Results and discussion
Dependence upon asymmetry term of reaction crosssection has been investigated for several particle induced reactions [1-3, 7, 11, 12] . The exponential dependence of (α,n) reaction cross-section on asymmetry parameter can be given as follows:
where σ (α, n) is the (α, n) cross-section, value (N − Z)/A = s is asymmetry term and B, a are the coefficients. Actually, here σ (α, n) represents maximum crosssection in the experimental data used. The coefficients B, a and coefficient of determination R 2 belonging to the exponential dependence in Eq. (4) are given in Table I using available experimental data at 18.5 ± 3 MeV. The dependence of above-mentioned empirical cross-section upon asymmetry parameter is shown in Figs. 1-3 for all nuclei, odd Z-even N and even Z-even N nuclei, respectively.
The coefficient of determination (R 2 ) denotes the strength of the linear association between ln(σ(α,n)) and the asymmetry term. As seen in Table I and Figs. 1-3 , the values R 2 are quite big and the correlation between the measured (α,n) reaction cross-sections and asymmetry term for even Z-even N nuclei is stronger than the correlation for odd Z-even N and all nuclei. Fig. 1 . The (α,n) reaction cross-sections depending upon asymmetry parameter for all nuclei at 18.5 ± 3 MeV. Fig. 2 . As in Fig. 1 , but for odd Z-even N nuclei. Fig. 3 . As in Fig. 1 , but for even Z-even N nuclei.
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If the contribution of non-elastic scattering on the reaction cross-section is taken into account, the (α, n) reaction cross-section includes alpha non-elastic cross-section expression as below
(5) σ ne is the alpha non-elastic scattering cross-section and this value also represents the geometrical cross-section of the reaction.
Alphas which are being charged particles affect every other protons in the nucleus when interacting with target nucleus and create a compound nucleus. The Coulomb potential for alpha particles is written as follows:
where z and Z represent atom numbers of alpha particle and target nucleus, respectively. The cross-section including Coulomb effect can be approximately written as follows:
where the term b and c are constant coefficients. The σ (α, n) empirical cross-sections including alpha non-elastic scattering in Eq. (5) and Coulomb crosssections in Eq. (7) at 18.5±3 MeV alpha incident energies can be given as follows [12] :
where the coefficients E, E and a are determined using available empirical cross-sections taken from experimental data library. The values E , a and coefficient of determination R 2 are obtained taking advantage of the exponential dependence in Eq. (9) and are given in Table II . The dependence of asymmetry parameter upon abovementioned empirical cross-section including non-elastic scattering and Coulomb effects is shown in Figs. 4-6 for all nuclei, odd Z-even N and even Z-even N nuclei. According to Figs. 4-6, the linear dependence of ln(σ (α, n) /Z 2 (A 1/3 + 4 1/3 )) on (N − Z)/A is very strong and the results of R 2 in Table II are 0.883, 0.900, and 0.830 for all nuclei, odd Z-even N , and even Z-even N nuclei, respectively. When the non-elastic and Coulomb effects are included, the value R 2 for even Z-even N nuclei is seen to be lower than the others. Fig. 4 . The (α,n) reaction cross-sections including both non-elastic scattering and also Coulomb crosssection for all nuclei at 18.5 ± 3 MeV depending upon asymmetry parameter. 
Conclusion
A new semi-empirical formula including non-elastic and Coulomb cross-sections for the (α,n) reaction crosssection at 18.5±3 MeV energies was suggested. The available experimental data of 38 target masses in the range of 41-209 were used. The non-elastic expression of the optical model and Coulomb expression of the nuclear shell model were used to get the new semi-empirical formula.
The relationship between available experimental data of (α,n) reaction cross-sections and asymmetry parameter was given for all, odd Z-even N and even Z-even N nuclei in Table I . The values R 2 greater than 0.7 indicate how much strong correlation is between ln(σ(α,n)) and (N −Z)/A, and it is the strongest for even Z-even N nuclei. As seen in Table II , the dependence between the (α,n) reaction cross-sections including non-elastic scattering and Coulomb effects and asymmetry term is quite strong (R 2 ≥ 0.80). When the classification is made according to even Z-even N and odd Z-even N nuclei, the value R 2 for even Z-even N nuclei is smaller. According to the results of tables, it is seen that the correlation of the (α,n) cross-sections including alpha non-elastic crosssection and Coulomb effect with asymmetry term are stronger than that of the measured experimental (α,n) cross-section data.
The semi-empirical formulae with new coefficient of (α,n) reaction cross-section obtained using non-elastic cross-section and Coulomb effect could be applied to provide a useful tool for estimating the cross-section with good accuracy.
